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Abstract
Iridium coatings were prepared on molybdenum, rhenium and C/C composite substrates by electrodeposition in molten salt in the
air atmosphere, respectively. The iridium coatings on both the molybdenum and C/C substrate are defective and the adhesion is
quite poor, while the iridium coating on rhenium substrate is adhesive and compact without any defects. The microscopic surface
morphologies of the iridium coatings obtained on different substrates appear highly similar. The preferred growth directions of
the iridium coatings on the rhenium and C/C composite substrates are <111> and <311>, respectively, while the iridium coating
on molybdenum substrate has a polycrystalline structure without a certain preferred orientation. The adhesion and surface quality
differences of iridium coating obtained on the various substrates arise from different corrosion behaviors in molten salt in the air
atmosphere and surface characteristics of the various substrates.
© 2013 The Authors. Published by Elsevier B.V.
Selection and peer-review under responsibility of the Chinese Heat Treatment Society.
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1. Introduction
Due to the unique properties, including a high melting point (2440°C), low oxygen permeability (10-14g·cm-1·s-1
at 2200°C), high chemical stability, not reacting with carbon at elevated temperature up to 2280°C, excellent
mechanical properties and extremely good oxidation resistance (Strife and Sheehan, 1988), (Mumtaz et al., 1995),
(Moffatt and Westbrook, 1981), (Echigoya et al., 2004), iridium has drawn considerable attention recently as a
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promising anti-oxidation protection for the refractory materials to provide much higher service temperature (up to
2000°C) and longer service life (several hours) (Mumtaz et al., 1993), (Hua et al., 2005), (Wang et al., 2009). For the
high price of iridium and its important role in high temperature applications, the preparation method of iridium
coating has received great concern. Various methods have been used to prepare the iridium coating, including
electron beam evaporation (Reeves et al., 1992), (Kovacs et al., 1992), magnetron sputtering (Mumtaz et al., 1993),
(ElKhakani et al., 1998), (Khoa et al., 2002), double glow plasma (DGP) deposition (Wang et al., 2009), metal
organic chemical vapor deposition (MOCVD) (Gelfond et al., 1993), (Vargas et al., 1994), (Maury and Senocq,
2003), chemical vapor deposition (CVD) (Endle et al., 2001), (Ogura et al., 2006), pulsed laser deposition (Pergolesi
et al., 2004), (Galeazzi et al., 2004), (Gong et al., 2008) and electrodeposition in molten salt (Brian and Reed, 1996),
(Toenshoff et al., 2000), (Shchetkovskiy et al., 2000), (Etenko et al., 2007). Among these preparation methods,
electrodeposition in molten salt is an ideal one for fabricating iridium coating with high quality and productivity.
Refractory metals like molybdenum and rhenium have been considered to be traditional candidates as outstanding
materials for high-temperature applications such as nozzle inserts and combustion chambers in liquid rocket motors
due to their high melting points (Mo: 2623°C; Re: 3180°C) and mechanical properties at high temperatures. In recent
years, C/C composite material has attracted a great deal of attention as an ideal high-temperature material in
aerospace applications for its excellent high-temperature specific strength, high thermal conductivity, low coefficient
of thermal expansion (CTE), good thermal shock resistance and good ablation resistance. However, the poor
oxidation resistance of these materials, which readily oxidize above 300-600°C, greatly restricts their high
temperature applications (Brenner, 1955), (Bartlett, 1965), (Gonser, 1962), (Snell et al., 2001), (Mckee, 1991).
. Fortunately, the iridium coating can be used as the protection of these refractory metals and C/C composite
material to prevent the oxidation in high temperature and improve the service life of the components fabricated using
these materials. Whereas, for simplifying the facility, the electrodeposition process of the iridium coating is
conducted in air at about 600°C in our work, at which the molybdenum, rhenium, and C/C composite material
oxidizes easily (Zhu et al., 2011). The corrosion behaviors of the different substrates in the molten salt in the air may
affect the deposition characteristics of the iridium coating on the different substrates. Thus, a study of the iridium
coatings electrodeposited on the different substrates in the air in molten salt is necessary.
In this paper, iridium coatings were prepared on molybdenum, rhenium and C/C composite substrates by
electrodeposition in molten salt in the air atmosphere to examine the applicability of this method for different
refractory material substrates. The deposition characteristics of iridium coating on different substrates in the molten
salt was described and analyzed. The results from this study may be used as the criteria for the selection of transition
layer material on the candidate substrates (refractory metals or carbon structural material) for electrodeposition of
iridium coating in molten salt in the air atmosphere.
2. Experimental
2.1. Preparation of iridium coatings
Table 1. Deposition conditions for different cathode substrates.
Process parameters Mo substrate Re substrate C/C substrate
Cathode current
density/(mA/cm2)
20 25 20
Temperature/°C 580 580 580
Deposition time/h 1 2 1
A molybdenum plate (35 mm×15 mm×1 mm), a rhenium plate (30 mm×30 mm×0.5 mm), and a C/C composite
plate (30 mm×30 mm×2 mm) were used as the cathode substrate materials, respectively. The molybdenum plate and
rhenium plate were fabricated by powder metallurgy technique. The C/C composite plate was prepared by three-
dimensional needling technique, starting with repeatedly overlapping the layers of 0° non-woven fiber cloth, short-
cut-fiber web, and 90° non-woven fiber cloth with needle-punching step by step. An iridium plate (purity: 99.95%,
50 mm×50 mm×1 mm) was used as the anode material. Before electrodeposition, the cathode plates were polished
240   Li’an Zhu et al. /  Physics Procedia  50 ( 2013 )  238 – 247 
using abrasive papers, cleaned in acetone by ultrasonic cleaning for 15 min and dried at 100°C for 30 min. The
electrolyte salts were oven dried in a vacuum drying chamber at 150°C for 5 h before mixed.
The preparation of the iridium coating on rhenium substrate by electrodeposition in molten salts in the air was
reported in the authors’ previous work (Zhu et al., 2011). The deposition conditions for different cathode substrates
were shown in Table 1. The thicknesses of the iridium coatings on molybdenum, rhenium and C/C composite
substrates were about 48 Om, 17 Om and 18 Om, respectively.
2.2. Characterization
The morphologies and microstructures of iridium coatings and coating/substrate interfaces were observed by
Hitachi S-4800 scanning electron microscope (SEM), respectively. The chemical compositions of both the iridium
coatings and the corrosion inclusions at the interface were examined by energy dispersive spectroscopy (EDS). The
phase identifications and growth directions of the iridium coatings were conducted by X-ray diffraction (XRD,
Rigaku D/Max 2550VB+) using Ni-filtered Cu KR radiation at a scanning rate of 5°/min and scanning from 15° to
85°of 2S.
3. Results and discussion
Fig. 1. Photographs of the iridium coatings on different substrates: (a) Mo; (b) Re; (c) C/C composite.
Fig. 1 shows the photographs of the iridium coatings electrodeposited on molybdenum, rhenium and C/C
composite substrates, respectively. The iridium coatings obtained on different substrates are all silvery white, while
the macrographs of the coatings on different substrates are extremely distinct. Some surface defects like
macrocracks and spallings are observed on the coating obtained on both the molybdenum and C/C substrate. Besides
macrocracks and spallings, some blisters exist on the coating on the C/C composite substrate. The adhesions
between the iridium coatings and the substrates of both the molybdenum and C/C composite are so poor that the
iridium coatings on them can be stripped by hand easily. On the contrary, the iridium coating electrodeposited on the
rhenium substrate is intact and neither macrocracks nor other defects are observed. The adhesion of the iridium
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coating to the rhenium substrate is quite good according to the bond strength test performed in our previous research
(Zhu et al., 2011).
Fig. 2 shows the SEM micrographs of the iridium coatings on molybdenum, rhenium and C/C composite
substrates, respectively. The surface morphologies of the coatings obtained on different substrates appear highly
similar. The iridium coatings on molybdenum, rhenium and C/C composite substrates are composed of grains with
diameters of 10 Om, 8 Om and 6 Om, respectively.
Fig. 2. SEM micrographs of the iridium coatings on different substrates: (a) Mo; (b) Re; (c) C/C composite.
The XRD patterns of the iridium coatings on molybdenum, rhenium and C/C composite substrates are shown in Fig.
3, respectively. The strong Ir peaks, with (111), (200), (220), (311) reflections, are observed in the XRD patterns. It
reveals that the iridium coatings obtained on different substrates have a polycrystalline structure. According to the
standard X-ray powder diffraction pattern of Ir (Pattern: 87-0715) (Table 2), the preferred growth direction of the
iridium coatings can be determined using the texture coefficient (TC(hkl)), which can be calculated by the following
formula (Patil et al., 2003):
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where TC(hkl) is the texture coefficient of the (hkl) plane, I(hkl) is the measured intensity of (hkl) plane, I2(hkl) is the
corresponding recorded intensity in JCPDS data file, and N is the number of preferred growth directions. The texture
coefficients of the iridium coatings on different substrates are listed in Table 3. It indicates that the preferred growth
directions of the iridium coatings on the rhenium and C/C composite substrates are <111> and <311>, respectively,
while the iridium coating on the molybdenum substrate has a polycrystalline structure without a certain preferred
orientation. The variance of the preferred growth directions of the iridium coatings on variant substrates may refer to
the thermal stress variance caused by the thermal expansion difference of different substrates.
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Fig. 3. XRD patterns of the iridium coatings on Mo, Re and C/C composite substrates.
Table 2. The standard X-ray powder diffraction pattern of Ir (Pattern: 87-0715).
2S (hkl) i
40.668 (111) 100
47.331 (200) 44.8
69.146 (220) 22.6
83.426 (311) 22.9
Table 3. The texture coefficients of the iridium coatings on different substrates.
Substrate TC(111) TC(200) TC(220) TC(311)
Mo 1.0322 0.4516 1.1236 1.3928
Re 2.0555 0.6056 0.0909 1.2477
C/C 0.8226 1.0245 0.6515 1.5014
The SEM micrographs of the cross sections of the iridium coatings on different substrates are shown in Fig. 4.
The coating obtained on molybdenum substrate is dense and continuous with a thickness of 20 Om. The surface of
the molybdenum substrate at the coating/substrate interface is hackly. Some loose inclusions with a thickness of
about 26 Om are found existing between the coating and substrate, which leads to the poor adhesion of the coating
with the substrate. EDS analysis of Area A of the inclusions in Fig. 4(a) indicates that the inclusions are composed
of Cl, Cs, Na, K, Mo and Ir elements (Table 4), which are related to the molten salt mixture and the corrosion
products of molybdenum substrate. For further investigation, the iridium coating with inclusions on molybdenum
substrate was peeled off, back side of which is shown in Fig.5. The inclusions consist of two “phases”, i.e., a white
block “phase” and a gray needle-like “phase”, which were examined by EDS as indicated in Fig. 5(b). According to
the EDS analysis results of the two “phases” (Table 5), the white block “phase”, mainly comprising Cl, Cs, Mo
elements, should be solidified molten salt mixture (NaCl-KCl-CsCl), and the gray needle-like “phase”, comprising
Mo, O elements mainly, is believed to be molybdenum oxide (MoO3), which is easily formed in the air above 400°C
and does not melt below 795°C. Thus, it is concluded that the molybdenum substrate is corroded by dissolved
oxygen in the molten salt at deposition temperatures prior to electrodeposition and the molybdenum oxide is formed.
The needle-like molybdenum oxide exists between the iridium coating and molybdenum substrate throughout the
electrodeposition process. The liquid molten salt mixture is absorbed by capillary force and remains at the
243 Li’an Zhu et al. /  Physics Procedia  50 ( 2013 )  238 – 247 
coating/substrate interface when cooling down. In a word, the inclusions caused by the corrosion of molybdenum
result in poor adhesion of the iridium coating with the molybdenum substrate.
Fig. 4. SEM micrographs of the cross sections of the iridium coatings on different substrates: (a) Mo; (b) Re; (c) C/C composite.
Table 4. Element distribution of the inclusions between Ir coating and Mo substrate.
Element Content (at. %)
Na 4.90
Cl 58.75
K 5.01
Mo 13.63
Cs 16.93
Ir 0.78
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Fig. 5. SEM micrographs of the back side of the iridium coating peeled off from the Mo substrate: (a) low magnification; (b) high magnification.
Table 5. Element distribution of different “phases” in the inclusions between Ir coating and Mo substrate.
Element Spot A (at. %) Spot B (at. %)
O 8.52 77.33
Na 4.54 -
Cl 53.72 -
K 6.28 -
Mo 11.66 22.67
Cs 15.28 -
The iridium coating on the rhenium substrate is compact and smooth. The Ir/Re interface exhibits excellent
adherence with no evidence of delamination, cracks or other defects (Fig. 4(b)). Neither corrosion products of
rhenium nor rhenium oxides exist at the Ir/Re interface. The reason is that the oxide film formed on the rhenium
substrate can not stay stable in the molten salt at deposition temperature due to the low melting point of rhenium
oxide (Re2O7: 220°C). The thickness of the iridium coating is about 50 Om according to the line scanning analysis of
EDS. The excellent adhesion of iridium coating and rhenium substrate is referred to the corrosion characteristic of
rhenium in molten salt and excellent match of thermal expansion between them (Ir: 6.2×10-6°C-1 (Halvorson and
Wimber, 1972); Re: 6.8×10-6°C-1 (Mittendorf and West, 1998)).
Fig. 6. SEM micrograph of the surface of the C/C composite substrate.
The iridium coating on the C/C composite substrate is dense and uniform in microscopic view. No inclusions are
observed between the iridium coating and C/C composite substrate (Fig. 4(c)). However, many macroscopic
irregularities such as macrocracks, spallings, and blisters exist on the iridium coating (Fig. 1(c)). It is believed that
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the macrocracks and spallings are caused by the huge difference of thermal expansion between the iridium coating
and C/C composite substrate (C/C composite: 1.1×10-6 K-1 (Mittendorf and West, 1998)). During the iridium coating
cooling down to the room temperature from the processing temperature of 580°C, the coating suffers huge thermal
stress and cracking and flaking occurs. As indicated in Fig. 6, the porous surface of the C/C substrate should be
mainly responsible for the blisters of the coating. The gas absorbed in the pores of the C/C composite substrate vents
during the electrodeposition process at high temperature and the blisters formed on the iridium coating finally. The
molten salts tend to infiltrate into the pores of the C/C composite substrate as the C/C substrate contacts with the
molten salts prior to electrodeposition. It is observed in Fig. 7 that there is a white thin layer of substance around
some of the carbon fibres in the C/C composite substrate. The results of the EDS analysis of the carbon fibre and the
layer around it (Table 6) indicate that the white thin layer is the residual molten salt absorbed into the C/C composite
substrate, which will volatilize and cause bubbles in the iridium coating when the iridium coated C/C composite
serves in high temperature environment. Thus, the iridium coating electrodeposited on C/C composite substrate
without any pre-treatment is defective and has bad adhesion. Applying a transition layer which can help to release
the thermal expansion difference and fill the pores of the C/C substrate is considered as a promising way to solve the
referred problem above.
Fig. 7. SEM micrograph of the cross section of C/C composite substrate with iridium coating.
Table 6. Element distribution of different positions in the C/C composite substrate.
Element Spot A (at. %) Spot B (at. %)
C 10.00 97.96
Na - 0.52
Cl - 0.87
Cs - 0.65
4. Conclusions
(1) Iridium coatings were obtained on molybdenum, rhenium and C/C composite substrates by electrodeposition
in molten salt in the air, respectively. The iridium coatings on both the molybdenum and C/C substrate are defective
and the adhesions of the iridium coatings with both substrates are quite poor. On the contrary, the iridium coating on
the rhenium substrate is adhesive and compact without any defects.
(2) The preferred growth directions of the iridium coatings on the rhenium and C/C composite substrates are
<111> and <311>, respectively, while the iridium coating on the molybdenum substrate has a polycrystalline
structure without a certain preferred orientation.
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(3) The adhesion and surface quality differences of the iridium coatings obtained on the various substrates arise
from both the different corrosion behaviours in molten salt in the air atmosphere and the different surface
characteristics of the various substrates.
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